When the Hough transform is applied to the detection of straight lines in images, it provides only the parameters of the line but not the length or the end points of the line. We propose a new algorithm for the determination of the length and the end points of a line in an image. It is very e cient in terms of computing time and does not depend on the sharpness of the peak in the accumulator array.
Introduction
Detection of patterns in images is an important operation in machine vision tasks. The Hough transform 1] is a powerful technique for the determination of parameterizable patterns in binary images. It is essentially a voting process where each feature point votes for all the possible patterns passing through that point. The votes are accumulated in an accumulator array, and the pattern receiving the maximum vote is considered to be the pattern in the image. The advantages of the transform are its robustness to noise and discontinuities in the patterns. On the other hand, high computational and storage requirements are the drawbacks of the transform. Examples of parameterizable patterns are straight lines, circles, ellipses, etc.
Several variants of the standard Hough transform (SHT) have been proposed in the literature to reduce the time and space complexity 2, 3] . Multiprocessor implementations of the transform have also been suggested in order to speedup the execution of the transform 4, 5, 6] . Investigations regarding the performance of the transform have been reported in 7, 8] .
When the Hough transform is used to detect straight lines represented by the ? parameterization, it provides only the and parameters of the straight lines. It fails to provide any information regarding the lengths or the end points of the lines. Since, many machine vision tasks require the lengths and end points of lines to accurately determine the location of objects described by the lines, it is extremely important to determine the length and end points of a line. Previous studies to detect the lengths or the end points of the lines are either highly computation bound or are not robust in detecting the end points. Six di erent algorithms 9, 10, 11, 12, 13, 14] have been proposed in the literature for nding the length and end points of a line from the Hough accumulator array. The algorithms described in 9, 10] are based on the projections of the line on the x or y axis. They su er from the drawback of a single line segment being interpreted as multiple line segments. The algorithm described in 11] is based on the concept of surface tting and is prohibitively expensive in terms of computing power. The method proposed in 12] can detect only the length of a line; it can not detect the end points.
The algorithm described in 13] can detect the length and the end points of a line, but the accuracy of the detection is dependent on the accurate detection of the line parameters The algorithm is not e ective in determining the end points of the line if the and parameters of the line can not be detected accurately. Hence, the method described in 13] is not suitable in those cases where the peak can not be detected accurately. The algorithm described in 14] is also based on the accurate determination of the peak and hence su ers from the same drawback as in 13]. The aim of this paper is to develop a robust algorithm to detect the length and end points of lines. The novelty of the proposed algorithm is its independence of the accuracy with which the peak can be detected. For example, it has been shown in 7] that improper choice of discretization values of the accumulator array may lead to unsharp or multiple peaks. A second example would be an image where, after discretization, pixels corresponding to a straight line are not collinear. It is in those images and cases where the proposed algorithm is superior to previously published algorithms.
In this paper, we propose a new algorithm to detect the lengths and the end points of straight lines. The proposed algorithm is based on an analysis of the distribution of votes around the peak in the accumulator array. The phenomenon of the spreading of votes in an accumulator array is described in detail in 7, 13] and hence is omitted here for the sake of conciseness. The algorithm proposed in this paper does not use the values of the and parameters of the line in order to detect the end points, and hence is independent of the accuracy with which the line parameters can be detected. Moreover, it has a time complexity of O(1) which is the same as the complexity of the best available The non-iterative nature of the algorithm and the use of a small accumulator array account for its reduced computational complexity. The robustness of the algorithm is due to it being independent of the peak detection accuracy. Because of its low computational complexity and high robustness, the algorithm is very suitable for implementation in realtime machine vision tasks. Results show that the proposed algorithm can detect the end points and the line length very accurately.
The rest of the paper is organized as follows. Section 2 introduces the notations used in the proposed algorithm which is described in Section 3. Results illustrating the accuracy of the algorithm in detecting the length and end points are presented in Section 4, followed by concluding remarks in Section 5.
Notations
A straight line, represented by the normal parameterization, is expressed as = x cos + y sin (1) where, is the length of the normal to the line and is the angle of the normal with the positive x-direction. The and axes of the accumulator array are divided into a number of equal divisions of resolution and respectively. The accumulator array is constructed by sampling the values of at intervals, and quantizing the values which are computed using Equation (1) . A cell a ; in the accumulator array corresponds in the image plane to a bar-shaped window of in nite length, of width , making an angle with the positive x-axis, and at a distance of from the origin 7]. The cells a :; k in the accumulator array, therefore, correspond to a set of parallel bars of width and each making an angle k with the positive x-axis in the image plane as shown in Figure 2 . The sets of cells in the di erent columns of the accumulator array correspond to di erent sets of parallel bars in the image plane.
A sharp and distinct peak in the accumulator array ( Figure 1 ) is necessary for accurately determining the parameters of the line to be detected. The accuracy with which the line parameters can be detected also depend on the values of and : In general, smaller values of and result in a higher accuracy with which the line parameters can be detected. However, if the and are made too small, the detection of the peak becomes di cult due to the spread of the votes in the peak as described in 7] . The sharpness and the shape of the peak depend on the discretization of the image, width of the digitized line, and the quantization resolution (denoted by and ) of the accumulator array. Van Veen et.al. 7] have demonstrated that the peak in the accumulator array spreads in the direction as is decreased. On the contrary, a decrease in results in a spread of the peak in the direction. It is well known that the pixels belonging to a line (expressed in the ? parameterization) in an image produce a butter y shape in the parameter space. The angle subtended by the wings of the butter y depends on the length and the position of the line 15].
The parameters of a line along with its length and coordinates of the end points are sometimes referred to as the complete line segment descriptions. The following notations will be used in describing the proposed algorithm for nding the complete line segment descriptions. To maintain consistency, we use the same notations as in 13]. 
The Proposed Method
As mentioned in the previous section, the cells a :; k correspond to a set of parallel bars of width in the image plane. The number of non-zero cells in a :; k (called the spread in a :; k ) is equal to the number of parallel bars (in the set corresponding to a :; k ) intersected by the line. The proposed algorithm is based on a microanalysis of the distribution of the votes around the peak in the accumulator array. A ow chart describing the proposed algorithm is given in Figure 3 followed by a detailed explanation of the algorithm.
In 13], the end points of a line were obtained by determining the intersecting points between the bar corresponding to the peak (in the accumulator array) and the two bars 1 1 1 1 1 2 2 2  0 0 0 1 1 1 1 1 1 1 2 2 1 2 0  1 1 1 0 1 0 1 1 1 1 1 1 2 2 0  0 1 1 1 1 1 1 1 1 2 1 2 2 0 0  1 0 1 1 1 1 1 1 1 1 2 1 2 0 0  1 1 0 1 0 1 1 1 1 1 1 2 0 0 0  0 1 1 1 1 1 1 1 2 1 2 1 (6)- (9) ?
Compute coordinates of the end points using Eqns. (10)- (13), and calculate and An algorithm for the choice of C k has been described in 13]. However, an accurate detection of the peak in the accumulator array is a non-trivial task 8]. The accuracy with which the peak can be detected depends on the sharpness and uniqueness of the peak. It has been shown 7] that the peak in the accumulator array may spread due to discretization of the image space and the accumulator array. Due to the dependence of the algorithm, described in 13], on the accuracy with which the peak can be detected, the end points obtained from the above algorithm are not always reliable. In this paper, we propose an algorithm which is independent of the accuracy with which the peak is determined. Hence the proposed algorithms is more reliable and robust than the one (2)- (5). Since q and r are known from the choice of C q and C r , solution of Equations (2) and (3) will give the coordinates (x 1 ; y 1 ) of one of the end points. The other end point (x 2 ; y 2 ) can be obtained similarly by solving Equations (4) The above rules determine whether C q and C r should be chosen to the left or the right of C p . For applying the above rules, a can be approximated by p . For a thin line, de ned as a line having a = 45 0 , it does not matter whether C q and C r are chosen to the left or the right of C p .
Once the end points of a line are determined from the above algorithm, the line length 
From Equations (17) and (18) it is seen that the errors can be reduced by increasing , thereby making j r ? q j large (Increasing has the additional advantage of requiring less computational time to construct the accumulator array.) and choosing two columns C q and C r which are far apart, i.e., jq ? rj is large.
Results
In this section, we present results regarding the accuracy of the end points and line length from the proposed algorithm. The main focus of this paper is to illustrate the e ectiveness of the proposed algorithm in accurately determining the end points of a straight line. The e ectiveness is illustrated by comparing the di erence between the coordinates obtained from the proposed algorithm and the actual coordinates of the line in the image. The parameters and end points of a straight line generated in a synthetic image are known much more precisely than a line in a real-world image. Therefore, for determining the accuracy of the results obtained from the proposed algorithm and calibrating the results, we have used synthetic images in our experiments. Using the algorithm proposed in Section 3, the errors in the line length are shown in as can be seen from the lower errors in Figure 7 when compared to the errors in Figure 6 . validates Equations (17) and (18). Figure 9 shows the e ect of and d q;r (keeping constant) on the errors in the computed length. It is observed that the errors increase with a decrease in d q;r and an increase in : The above observation further con rms the validity of Equations (17) and (18). Figure 10 shows a real image and the corresponding image showing straight lines which have been detected. The proposed algorithm requires about ve seconds of execution time for a 256 256 binary image on a SUN Sparcstation.
Conclusions
The Hough transform, when applied to the detection of straight lines in images, provides only the parameters of the line. It fails to provide the length or the end points of the line. Previous extensions of the Hough transform for obtaining the length or the end points are either highly computation intensive or rely on the ability of the standard Hough transform to accurately detect the parameters of the line. In this paper, we have proposed an improved algorithm to detect the end points and determine the line length. The proposed algorithm is very robust against the failure of the standard Hough transform to detect the parameters of the line due to spreading of the peak in the accumulator array.
It is not computation intensive and has a time complexity of O(1) which is the lowest among the algorithms reported in the literature. When the Hough transform fails to determine the line parameters due to the peak in the accumulator array not being very sharp, the proposed algorithm can serve as an alternative method to compute the parameters using the coordinates of the end points. Thus the algorithm can be used to obtain the parameters or to verify the parameters obtained from the peak in the accumulator array by the standard Hough transform.
Results show that the proposed algorithm can detect the length and the end points very accurately. The proposed algorithm is non-iterative in nature and is based on a microanalysis of the spreading of the votes in the accumulator array. This approach makes the algorithm very robust when compared to previous algorithms, most of which analyze the image space to obtain the line length and the end points.
